This study examined firing patterns of single-fiber carotid baroreceptors in response to slow ramp increases in carotid sinus pressure (1-2 mm Hg/sec) in vascularly isolated carotid sinus preparations in thiopental-anesthetized dogs (25 mg/kg, plus 10 mg/kg/hr 
This study examined firing patterns of single-fiber carotid baroreceptors in response to slow ramp increases in carotid sinus pressure (1-2 mm Hg/sec) in vascularly isolated carotid sinus preparations in thiopental-anesthetized dogs (25 mg/kg, plus 10 mg/kg/hr). Two general types of baroreceptor discharge patterns were obtained: 1) type I, a discontinuous, hyperbolic pattern characterized by a sudden onset of discharge at threshold pressure with a relatively high threshold frequency, which gradually increased to a higher saturation firing rate and 2) type II, a continuous, sigmoidal pattern characterized by a gradual increase in discharge above threshold pressure and a relatively low threshold frequency and saturation firing rate. Type II baroreceptor curves typically showed spontaneous discharge below threshold pressure and significantly lower sensitivities, threshold frequency, saturation firing rate, and threshold pressure than those of type I receptors. However, the saturation pressures and operating ranges of the type II receptors were greater than those of type I receptors, and the pressure at which type II receptors had their greatest sensitivity was greater than that for type I receptors. Type I baroreceptors generally had large myelinated afferent A fibers; type II baroreceptors generally had smaller A and unmyelinated C fibers, based on conduction velocities. The presence of spontaneous activity with type II baroreceptors, combined with significantly lower sensitivities and wider pressure operating ranges seen relative to type I baroreceptors, suggests that these receptors may primarily serve to provide information on tonic, or baseline, levels of arterial blood pressure to the central cardiovascular centers. The sudden onset of discharge, higher sensitivities, and narrower operating ranges of type I baroreceptors suggest that their primary role may be to provide information on dynamic, sudden changes in arterial pressure. (Circulation Research 1990; 66:1499 -1509 A rterial baroreceptors have been reported to have either myelinated or unmyelinated afferent fibers, but the significance of this difference is not known. Some studies have found that baroreceptors with unmyelinated afferent C fibers have higher threshold pressures (Pths) and lower sensitivities than baroreceptors with myelinated afferent A fibers,1'2 but not all studies found as distinct a separation.3'4 Differences in firing characteristics of A-fiber and C-fiber baroreceptors may suggest a functional difference for the two types of receptors. A potential role for C-fiber baroreceptors primarily as antihypertension receptors,1'4'5 based on their higher operating range (Poper), has been pro-posed. Experimental verification has been complicated by the fact that both A-fiber and C-fiber baroreceptors have been found to reset in response to changes in blood pressure, although C-fiber receptors were found to reset less under chronic conditions14 and more under acute conditions.6 Most of the studies have involved aortic baroreceptors"47 9; fewer studies have been concerned with characterizing the firing patterns of A-and C-fiber carotid baroreceptors.510 Due to the anatomic differences between the carotid sinus and aortic vessel walls in which the baroreceptors are found," there may be corresponding differences in functional patterns of the two types of baroreceptor afferent fibers for carotid versus aortic baroreceptors. Therefore, this study was performed to answer three questions: 1) What are the firing characteristics of single-fiber carotid baroreceptors? 2) Is there a correlation between the firing patterns and the type of afferent fiber for each baroreceptor? 3) Do the differences in baroreceptor functional characteristics suggest any differential role for these receptors in the overall baroreceptor control of blood pressure?
Our accompanying paper in this journal12 examines the mechanism for differences in baroreceptor firing characteristics using a computer model of the baroreceptor spike-initiating zone.
Materials and Methods
Mongrel dogs were anesthetized with 25 mg/kg sodium thiopental and maintained on an infusion of thiopental (10 mg/kg body wt/hr), a technique that has previously been shown to maintain a stable level of anesthesia.13 Each animal was intubated and ventilated with 100% oxygen. Blood gases and pH were monitored and maintained within normal limits by adjusting ventilation and infusing sodium bicarbonate. The right femoral artery and vein were cannulated to permit recording of arterial blood pressure and infusion of fluid and anesthetic, respectively. The femoral arterial cannula was connected via a Statham pressure transducer (Gould, Cleveland, Ohio) to a polygraph (model 7, Grass Instrument, Quincy, Massachusetts) for recording blood pressure. This parameter and all others were recorded on an FM tape recorder (model D, A.R. Vetter, Rebersburg, Pennsylvania) for later data analysis. Single-fiber baroreceptor recordings were obtained from the carotid sinus nerve of the left carotid sinus, vascularly isolated as previously described.14 Briefly, via a midcervical incision, the left common carotid, external carotid, internal carotid, occipital, and thyroid arteries were all isolated and ligated, as were any other small branches arising from the sinus region. The left lingual artery was cannulated (polyethelene tubing, PE-100) to permit measurement of carotid sinus pressure (CSP). The left common carotid and external carotid arteries were cannulated to permit a flow-through perfusion of the carotid sinus and adjacent arteries. Flow was established using a roller pump (Sarns, Inc., Ann Arbor, Michigan), with perfusate (Ringer's lactate solution) drawn from an oxygenator that heated and oxygenated the solution. The perfusate was exposed to 100% oxygen to "chemically" denervate any carotid chemoreceptors not physically excluded from the perfused sinus region by ligation of the occipital artery immediately adjacent to the external carotid artery. In similar preparations, inorganic phosphate was injected into the isolated sinus, which stimulates chemoreceptors, to ensure that no chemoreceptor activation was present when the sinus was isolated as described above.
The left carotid sinus nerve was identified at its junction with the left glossopharyngeal nerve and was sectioned, desheathed, and dissected into smaller bundles. The entire sinus nerve preparation was covered with mineral oil, using surrounding connective tissue to create a recording chamber. To record single-fiber activity, tungsten carbide recording electrodes were connected to a high-impedance differential preamplifier (gain= 1,000; 0.1-10-kHz passband), followed by a filter/amplifier, which provided additional gain (up to 400) and high-and low-pass filtering (fourth-order Butterworth, 10 Hz-3 kHz). Amplifier output was recorded on the FM tape recorder and displayed on the Grass recorder. Small nerve bundles were dissected to obtain a single active-fiber preparation. In several cases, preparations that had two active fibers with a large difference in spike amplitudes were used for the study, and a window discriminator was used to separate the large and small spike. Only bundles that had two easily distinguishable spikes were used; all other recordings were obtained from bundles with a single active fiber. All preparations remained viable for the entire experiment, and final control ramps performed up to 3 hours after the initial control ramps produced nerve activity-carotid sinus pressure curves that were not different from those of the initial ramps.
The carotid sinus was perfused at a constant pulsatile pressure with a mean pressure of 110 mm Hg for a minimum of 1 hour before examination of baroreceptor stimulus-response relations. Constant pressure was maintained using a servocontroller developed in this laboratory.'314 After the control period, pump perfusion of the carotid sinus was abruptly halted, and the outflow cannula was clamped, temporarily making the sinus a closed pouch. A syringe pump (Harvard Apparatus, South Natick, Massachusetts), in-line with the inflow cannula, was used to infuse Ringer's solution into the sinus pouch at a constant rate producing a linear increase in CSP at a rate of 1-2 mm Hg/sec from 0-225 mm Hg. Pressure ramps were repeated at least once before the perfusion circuit was opened again and control constant CSP was reestablished. The response to the second pressure ramp was used to construct baroreceptor stimulus-response curves.
Responses measured with slow ramp pressure inputs are similar to responses measured after 30 seconds of adaptation to previous levels of step inputs' and were therefore considered to represent the static response of carotid sinus baroreceptors to a pressure stimulus.
Conduction velocities (CVs) of the fibers studied were obtained to determine fiber type based on the criteria of Paintal,15who designated all fibers with a CV greater than 3 m/sec as A fibers. To determine CV, the fiber was evoked by electrically stimulating the entire sinus nerve distal to the recording electrodes with an additional set of electrodes. The stimulus and evoked response were displayed on a digital oscilloscope (Explorer II, Nicolet Instrument, Madison, Wisconsin) and recorded on tape. The time period between stimulus and evoked potential, together with distance between stimulating and recording electrodes, was used to determine fiber conduction velocity. This method of obtaining conduction velocity was validated in 22 fibers using the technique of spike-triggered averaging, which later replaced the electrical activation method. Spiketriggered averaging used whole-nerve activity and single-fiber activity recorded simultaneously from two sites along the nerve during constant pressure pulsatile perfusion. The single-fiber potential or window discriminator pulse was used to trigger a Nicolet in Figure 5 . As seen, the type I receptor with the greatest Fsat also has the greatest Fth, sensitivity, and CV. In addition, the type I receptor with the lowest Pth has the highest Fth, Fsat, and sensitivity. Figure 6 . Both show spontaneous activity below threshold and demonstrate that Fth, Pth, and slope are greater for the receptor with the higher Fsat. This latter receptor also had a greater CV (3.0 m/sec vs. 0.8 m/sec), indicating its greater afferent fiber size.
Comparison of A-fiber versus C-fiber baroreceptors within each baroreceptor type revealed that the only significant difference other than CV, which determined afferent fiber type, was a larger Fsat for type I A-fiber versus C-fiber baroreceptors (Table 3) Although all of these studies have reported a degree of baroreflex regulation by the C-fiber baroreceptors, the actual contribution of these receptors to normal pressure regulation has not been conclusively determined. This has been the result of differences reported for the functional characteristics of C-fiber baroreceptors when compared with the more thoroughly studied A-fiber baroreceptors. C-fiber baroreceptors have been reported to have higher thresholds than A-fiber baroreceptors,14,5,24 suggesting that they may be more important as "antihypertension" receptors. However, other studies have reported at least some C-fiber baroreceptors with thresholds in the range where they could contribute to regulation of "normal" arterial pressure.3,4 Some studies have reported more than one -AVE. TYPE I ± S.E.
---RVE. TYPE II + S.E. regularly firing type I receptors-namely, onset of discharge at a given arterial pressure. One study8 specifically states that Pth for spontaneously discharging C-fiber baroreceptors is the pressure at which activity transiently but clearly increases; another study10 states that Pth for these receptors is the pressure at which discharge is started or becomes synchronous with cardiac activity.
Given the observation that there are two general types of baroreceptor discharge patterns, the question arises as to the mechanisms responsible for the two different response curves. Baroreceptors have been reported to be closely associated with elastin, collagen, and smooth muscle within the sinus wall. [30] [31] [32] [33] [34] If baroreceptors are mechanically coupled to and monitor deformation of sinus wall elements, variations in distensibility of wall elements might lead to differential activation of receptors at different degrees of sinus distension.34 Thus, variations in coupling to different wall elements may contribute to differences in discharge patterns of type I versus type II baroreceptors and also to the differences seen in firing characteristics within each type of receptor. For example, the observation that both Fsat and slope are inversely correlated with Pth for type I receptors suggests that, within this group, those baroreceptors with high Pth are associated predominantly with lessdistensible collagen and that those with lower Pth are coupled to more-distensible smooth muscle or elastin. The higher Pth of type I baroreceptors with lower firing rates and decreased sensitivity suggests that the increased strain requirement of collagen requires that a higher pressure be reached before receptor activation can occur, with the overall distension of the receptor more difficult at all pressures. However, the differences in coupling may not account for the presence of spontaneous activity in type II baroreceptors or the discontinuity of discharge for type I receptors. Therefore, differences in the electrophysiological properties of the receptors themselves may also be factors involved in generating the different discharge patterns.9 Differences in electrophysiological properties of the receptor, most likely at the spike initiation zone, may determine when receptor deformation will lead to impulse discharge. Electrophysiological properties that may be involved in determining the rate and magnitude of generator potential depolarization could include variations in the absolute number, channel density, or type of ionic transducer channels on the receptor ending, leading to the preferential distribution of type I response curves to larger axons and type II response curves to smaller axons. In addition, the relative importance of various potassium currents located at the spike initiation zone, which determine excitability and firing rate, may play a role in determining the discharge pattern of baroreceptors. Data in our accompanying paper in this journal'2 suggest that the level of function of a transient potassium current, the A current, at the spike initiation zone may be the deciding factor as to whether or not the baroreceptor is spontaneously active, at what pressure the receptor fires, and whether the stimulus-response curve is continuous (type II) or discontinuous (type I).
The ideal baroreceptor would be one that responded with high sensitivity and rate of discharge over a wide range of pressures. Results from this study indicate that one type of baroreceptor cannot meet all of these criteria and therefore that two functionally different types of baroreceptors have evolved. Type I baroreceptors have the high sensitivity and discharge rates to react quickly and accurately to changes in pressure, but they are limited over the range of pressures to which they can respond. Type II receptors have wider operating ranges over which they can sense pressure, but they are less sensitive and perhaps function to provide more tonic input regarding the absolute level of arterial pressure. Therefore, the combination of inputs from both types of baroreceptors would provide information on the level of ongoing mean arterial pressure (type II) superimposed with information relating pulsatile levels of pressure (type I). This hypothesis is consistent with results showing that arterial baroreceptors reset to sustained changes in arterial pressure but that C-fiber baroreceptors reset to a lesser degree than A-fiber baroreceptors.1-4 Since most of the type II receptors were C-fiber baroreceptors, this may indicate that this type of receptor resets less and is more suited to monitor baseline levels of arterial pressure that type I receptors. However, C-fiber baroreceptors have been reported to reset to a greater degree than A-fiber receptors in response to acute changes in pressure,6 suggesting a more complex interaction than that proposed above. In summary, the two different types of baroreceptor discharge patterns that were described may be the result of differences in mechanical, anatomic, and/or electrophysiological properties of the receptors. The predominant distribution of A-fiber baroreceptors into type I receptors and C-fiber/small A-fiber baroreceptors into type II receptors suggests that the differences may be dependent on properties of baroreceptors that are associated with the size of the afferent axon. Paintal'5 has presented data that indicate that firing rate is proportional to axon size but has not described differences in shapes of baroreceptor discharge patterns. In this study, both types of baroreceptors were found to be active over the normal range of carotid sinus pressures, but their firing characteristics suggest that type II baroreceptors may primarily inform cardiovascular ceniters in the medulla of the absolute level of arterial blood pressure and that type I receptors may be most effective in relaying information on dynamic changes in blood pressure. The abrupt cessation of firing at Pth for type I baroreceptors may prove to be an important aspect of the type I response curve in the homeostatic regulation of blood pressure, since the complete loss of input by these receptors could potentially be an effective stimulus to increase sympathetic outflow and therefore blood pressure. However, these reflex effects depend on the mechanism of central integration of type I and type II baroreceptor input, which is not known. The differences in receptor coupling mechanisms, baroreceptor membrane electrophysiological properties, and afferent diameters within each described type of baroreceptor greatly extend the sensitivity and pressure range over which the carotid sinus baroreceptors can effectively modulate their input to the medulla. The responses recorded in the present study reflect static properties of the baroreceptors, initiated by the slow ramp changes in pressure. Dynamic properties of these two types of receptors may be found to suggest other important differences in, and therefore roles played by, the two types of receptors.
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